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Abstract
Bismuth-titanate ceramics containing SiO2 and Nd2O3 as additives are synthesized at two different ways of 
cooling of the melts. The introduction of SiO2 and Nd2O3 leads to more complex crystallization with participa-
tion of several phases including Bi4Ti3O12. It is proved that the applied methods of synthesis are suitable for 
generation of different microstructures in the bulk doped bismuth titanate ceramics, which is promising basis 
for modification of their electrical properties. The increasing of SiO2 content improves the glass formation 
ability and addition of Nd2O3 stimulates the crystallization. The conductivity of selected samples is determined 
by impedance analyzer in the frequency range from 10 to 100 kHz and DC resistible bridge using two-terminal 
method. All investigated samples are dielectrics with conductivity 10-6–10-9 (Ω·cm)-1.
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I. Introduction
The application of Aurivillius family of bismuth-
based ferroelectric compounds with a layered structure 
[1] in capacitors, sensors, piezoelectric and electro-op-
tic devices [2–4] is strongly influenced by the method 
of preparation. Between them the crystalliza  tion from 
melts and glasses recently is also applied [5–9]. This 
method gives possibility for doping with different cat-
ions to improve the properties. It allows also to con-
trol the particle size evolution during the transition from 
amorphous to crystalline state and to achieve suitable 
crystallographic orientation in the polycrystalline ma-
terials. 
In our previous study, the phase formation in the 
system Bi2O3-TiO2-SiO2 from fast quenched melts is in-
vestigated [10]. It is established that the introduction of 
20–40 mol% SiO2 stimulates the partial amorphiza  tion 
of the samples. It was proved that by melt quenching it 
is possible to modify the microstructure and to control 
the crystallization process in bismuth titanate ceramics. 
These results motivate our future investigations. 
The purpose of the present study is to elucidate the 
influence of the cooling rate and additional heat treat-
ment on the phase formation and microstructure of bis-
muth titanate ceramics with addition of SiO2, obtained 
by melting. Full replacement of SiO2 with Nd2O3 is also 
performed. The SiO2 is introduced to change the melt-
ing conditions, while the reason for Nd2O3 addition to 
bismuth titanate is that this oxide is more effective in 
improving the electrical properties [11–19]. According 
to our knowledge, up to know, there are no reports for 
the preparation of glass-ceramics containing the phase 
Bi4Ti3O12 by melt quenching with participation of SiO2 
and Nd2O3. 
II. Experimental
Bismuth-titanate  ceramics  containing  SiO2  and 
Nd2O3 as additives were synthesized by quenching from 
melt. The melting was made from the following pre-
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cursors: TiO2, Bi2O3, SiO2 and Nd2O3 in alumina cruci-
bles at 1250–1500°C. The contact between the samples 
and crucible during the melting was about 15 min. as 
after longer exposition (3–5 hours) contamination with 
3–5 mol% Al2O3 was detected. The samples were pre-
pared by two cooling rates of the melts: i) fast cool-
ing to room temperature, performed by pouring of the 
melts between two cooper plates (samples with nota-
tion A) and ii) slow cooling of the melts in the crucibles 
(samples with notation B). The selected compositions 
are:  24Bi2O3·36TiO2·40SiO2,  30Bi2O3·50TiO2·20SiO2, 
50Bi2O3·30TiO2·20SiO2  and  30Bi2O3·50TiO2·20Nd2O3 
(Table 1). 
The phase formation was studied by X-ray diffrac-
tion analysis (XRD - TUR M62, Cu-Kα radiation and 
Bruker D8 Advanced Diffractometer, Cu-Kα radiation). 
Chemical composition was determined by energy dis-
persive spectroscopy (EDS, EDAX 9900). The micro-
structure was observed by scanning electron microsco-
py (SEM - 525M, Philips). 
The conductivity of selected samples was measured 
by impedance analyzer in the 10–100 kHz frequency 
range (Hewlett-Packard HP4192A) and DC resistible 
bridge using two-terminal method and a suitable sam-
ple holder with graphite electrodes.
III. Results and discussion
3.1 Structural characterization
Depending on the cooling rate, more or less well 
separated  amorphous  regions  are  visually  observed. 
They are distinguished because the crystals are milk-
like, while the glass part is dark or transparent in some 
samples. For this reason all obtained samples may be 
considered as glass-ceramics. However, after the slow 
cooling higher crystallization of the prepared samples 
is observed (Fig. 1).
XRD analysis of the samples containing 20 mol% 
SiO2 (Fig. 1) shows that the introduction of SiO2 leads to 
more complex crystallization with participation of several 
phases, including dominant Bi2Ti2O7 (Bi2Ti2O7 – JCPDS 
32-0118) and Bi4Ti3O12 (Bi4Ti3O12 – JCPDS 73-2181). It 
can be seen (Fig. 1) that the fast cooling even favoriz-
es formation of the pyrochlore Bi2Ti2O7 phase and stim-
ulates the partial amorphization of the prepared samples. 
However, in our previous paper [20] it was confirmed that 
for samples containing ≥ 40% SiO2 XRD patterns were 
close but do not completely coincide with these ones of 
the  phase  Bi4Ti3O12. That  can  result  from  the  forma-
a)
b)
Figure 1. XRD patterns of sample with composition 
30Bi2O3·50TiO2·20SiO2 melted at 1300°C: 
a) fast cooling of the melts (A); b) slow
cooling of the melts (B)
Table 1. Conductivity of the samples depending on the composition and method of the measurement 
Sample Method of cooling and view of the sample σ, (Ω·cm)-1 Method of measurement
1 24Bi2O3·36TiO2·40SiO2 heat treated, glass ceramic 1.77·10-6 AC impedance
2a 30Bi2O3·50TiO2·20SiO2 heat treated, glass ceramic 3.54·10-7 AC impedance
2b 30Bi2O3·50TiO2·20SiO2 fast cooling, partially crystallized 8.32·10-6 DC method
2c 30Bi2O3·50TiO2·20SiO2 slow cooling, glass ceramics 2.20·10-9 DC method
3a 50Bi2O3·30TiO2·20SiO2 fast cooling, partially crystallized 2.77·10-9 DC method
3b 50Bi2O3·30TiO2·20SiO2 slow cooling, glass ceramics 2.54·10-9 DC method
4 40Bi2O3·50TiO2·10Nd2O3 fast cooling, glass ceramics 2.75·10-9 DC method
5 30Bi2O3·50TiO2·20Nd2O3 fast cooling, glass ceramics 1.15·10-7 DC method41
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tion of solid solution with the bismuth-titanate phase or 
from the appearance of a new phase. Crystallization be-
haviour of the sample 24Bi2O3·36TiO2·40SiO2 was addi-
tionally investigated. Thus, it is observed that after the 
slow cooling, the amorphous microstructure is trans-
formed to glass-ceramic one and after additional heat 
treatment at 700°С for 5 hours the amount of crystalline 
phase increases. According to the EDS analysis (Fig. 2) 
the crystals and matrix differ in composition: the sepa-
rated crystals are with decreased Bi2O3-content and in-
creased TiO2-content in comparison with the nominal 
batch composition, as it was established also in our pre-
vious studies [20].
The addition of Nd2O3 up to 20% decreases the glass 
formation trend and raises the melting temperature up 
to 1500°C. XRD results, presented in Fig. 3, show that 
addition of already 10 mol% stabilize Bi4Ti3O12 phase, 
which is completely different behaviour in comparison 
to the samples containing 20 mol% SiO2. In the sample 
containing 20 mol% Nd2O3 the phase Bi4Ti3O12 texturing 
in the plane (00l) was detected after fast cooling (Fig. 3). 
According to EDS data (Fig. 4), the sample contains pure 
Bi4Ti3O12 phase and crystals of the bismuth titanate with 
Bi2O3 partially replaced by Nd2O3 (Fig. 4).
3.2 Electrical properties
Conductivity of the samples depending on the com-
position,  cooling  method  and  method  of  measure-
ment are presented in Table 1. The conductivity of all 
samples is in the rage 10-6–10-9 (Ω·cm)-1 and the ma-
terials  may  be  considered  as  dielectrics.  The  sam-
ple  24Bi2O3·36TiO2·40SiO2  with  the  largest  amount 
of  SiO2  has  highest  conductivity,  whereas  the  sam-
ples 50Bi2O3·30TiO2·20SiO2 with the largest amount of 
Bi2O3 have lowest conductivity. It also can be seen that 
the slow cooling and addition of Nd2O3 promote crystal-
lisation, but decrease conductivity.  a)
b)
Figure 2. SEM micrographs and EDS data of melt quenched 
sample with composition 24Bi2O3·36TiO2·40SiO2 heat
treated at 700°C
Figure 4. SEM micrographs and EDS data of melt quenched 
sample with composition 30Bi2O3·50TiO2·20Nd2O3 
melted at 1450°C
Figure 3. XRD patterns of samples melted at 1450°C and 
fast cooled with composition: a) 40Bi2O3·50TiO2·10Nd2O3 
and b) 30Bi2O3·50TiO2·20Nd2O3 
Figure 3a 
  
Figure 3b 42
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The dependency Z”=f(Z’) (Fig. 5) shows one not 
well distinguished semicircle. The semicircular in the 
complex plane yield to an arc, whose centre is displaced 
below the real axis, due to the presence of distributed 
elements and a relaxation process resulting from the 
trapped states. The semicircle is ascribed to originate 
from the grain boundary and nonzero intercept corre-
sponding to the resistance of the grain, with no semi-
circle corresponding to electrode-sample interface [21]. 
More detail analysis of the electrical data will be the 
subject in a new investigation.
IV. Conclusions
The  investigation  carried  out  shows  that  depend-
ing on the conditions of the melting and additional heat 
treatment of the super cooled samples, different poly-
phase glass-ceramics materials with various microstruc-
tures could be obtained in the systems Bi2O3-TiO2-SiO2 
and Bi2O3-TiO2-Nd2O3. The presence of several phases 
is established, mainly Bi4Ti3O12 and Bi2Ti2O7. All inves-
tigated samples are dielectrics with conductivity in the 
rage 10-6–10-9 (Ω·cm)-1. These results are promising ba-
sis for control and modification of the electrical proper-
ties of the bismuth titanate glass-ceramics doped with 
SiO2 and Nd2O3.
Acknowledgement  The  research  was  supported  by 
UCTM, Sofia, Bulgaria under Grand 10711/2010.
References
E.S.  Subbarao,  “A  family  of  ferroelectric  bismuth  1. 
compounds”, J. Phys. Chem. Solids, 23 (1962) 663–
676.
C. Araujo,  J.  Cuchiaro,  L.  Mc  Milan,  M.  Scott,  J.  2. 
Scott, “Fatigue free-ferroelectric capacitors with plat-
inum electrodes”, Nature, 374 (1995) 627–629.
B.H. Park, B.S. Kang, S.D. Bu, T.W. Noh, J. Lee, W.  3. 
Jo, “Lanthanum-substituted bismuth titanate for use in 
non-volatile memories“, Nature, 401 (1999) 682–684.
T. Takenaka, H. Nagata, “Current status and prospects  4. 
of lead-free piezoelectric ceramics”, J. Eur. Ceram. 
Soc., 25 (2005) 2693–2700.
S. Kojima, A. Hushur, F. Jiang, S. Hamazaki. M. Ta- 5. 
kashige,  M.  Jang,  S.  Shimada,  “Crystallization  of 
amorphous  bismuth  titanate”,  J.  Non-Cryst.  Solids, 
293-295 (2001) 250–254.
K. Sunahara, J. Yano, K. Kakegawa, “Preparation of  6. 
Bi4Ti3O12 particles by crystallization from glass”, J. 
Eur. Ceram. Soc., 26 (2006) 623–626.
K.  Gerth,  Ch.  Russel,  “Crystallization  of  Bi 7.  4Ti3O12 
from glasses in the system Bi2O3/TiO2/B2O3”, J. Non-
Cryst. Solids, 221 (1997) 10–17.
T.M.  Bruton,  “Study  of  the  liquidus  in  the  system  8. 
Bi2O3-TiO2”, J. Sol. State Chem., 9 (1974) 173–175.
K. Gerth, Ch. Russel, “Crystallization of Bi 9.  3TiNbO9 
from glasses in the system Bi2O3/TiO2/Nb2O5/B2O3/ 
SiO2”, J. Non-Cryst. Solids, 243 (1999) 52–60.
M. Krapchanska, Y. Dimitriev, R. Iordanova, “Phase  10. 
formation in the system Bi2O3-TiO2-SiO2”, J. Univ. 
Chem. Techol. Met., 43 (2006) 307–310.
Q.-Y. Tang, Y.-M. Kan, P.-L. Wang, Y.-G. Li, G.-J.  11. 
Zhang, “Nd/V Co-Doped Bi4Ti3O12 Power Prepared 
By Molten Salt Synthesis”, J. Am. Ceram. Soc., 90 
[10] (2007) 3353–3356.
T. Kojima, T. Sakai, T. Watanade, H. Funakudo, “Large  12. 
remanent polarization of (Bi,Nd)4Ti3O12 epitaxial thin 
films grown by metalorganic chemical vapor deposi-
tion” Appl. Phys. Lett., 80 [15] (2002) 2746–2748.
J.K. Kim, S.S. Kim, W.J. Kim, “Effects of annealing  13. 
conditions on the electrical properties of Bi4-xNdxTi3O12 
(x=0.46)  thin  films  processed  at  low  temperature”,   
J. Appl. Phys. A, 82 (2006) 737–740.
W. Sakamoto, M. Yamada, N. Iizawa, Y.-K. Muzuta- 14. 
ni, D. Togaza, K. Kikuta, T. Yogo, T. Hayashi, S.-I. 
Hurano, “Preparation and properties of Bi4-xNdxTi3O12 
thin films by chemical solution deposition”, J. Elec-
troceram., 13 (2004) 339–343.
D. Wu, A. Li, N. Ming, “Structure and electrical prop- 15. 
erties of of Bi3.15Nd0.85Ti3O12 ferroelectric thin films”, 
J. Appl. Phys. A, 95 [8] (2004) 4275–4281.
a)
b)
Figure 5. Impedance analysis of the dependency Z”=f(Z’) of 
the samples with compositions: a) 24Bi2O3·36TiO2·40SiO2,
b) 30Bi2O3·50TiO2·20SiO243
S. Slavov et al. / Processing and Application of Ceramics 4 [1] (2010) 39–43
H.  Maiwa,  N.  Lizawa,  D.  Togawa,  W.  Sakamoto,  16. 
M. Yamada, Shin-ichi Hirano, T. Hayashi, “Electro-
mechanical properties of Nd-doped Bi4Ti3O12 films: 
A candidate for lead-free thin film piezoelectics”, J. 
Appl. Phys. A, 82 [11] (2003) 1760–1762.
G.  Suyal,  S.S.N.  Bharadwaja,  M.  Cantoni,  D.  17. 
Damjanovic, N. Setter, “Properties of chemical so-
lution deposited polycrystalline neobidium-modified 
Bi4Ti3O12”, J. Electroceram., 9 (2002) 187–192.
X.S. Gao, J.M. Xue, J. Wang, “Ferroelectric behavior  18. 
and charge carriers in Nd-doped Bi4Ti3O12 thin films”, 
J. Appl. Phys., 97 (2005) 034101.
M. Chen, Z.L. Liu, Y. Wang, C.C. Wang, X.S. Yang,  19. 
K.L.  Yao  “Ferroelectric  properties  and  microstruc-
tures of Nd2O3 - doped Bi4Ti3O12 ceramics”, Phys. Sta-
tus Solidi A - Appl. Res., 200 (2003) 446–450.
E. Kashchieva, M. Krapchanska, S. Slavov, Y. Dim- 20. 
itriev “Effect of synthesis route on the microstructure 
of  SiO2 doped  bismuth  titanate  ceramics”,  Process. 
Applic. Ceram., 3 [4] (2009) 171–175.
M.F. Garcia-Sanchez, Jean-Claude, A.R. Ruiz-Salva- 21. 
dor, F. Fernandez-Gutierrez, A. Delgado, “An elemen-
tary picture of dielectric spectroscopy in solids: Physi-
cal basis”, J. Chem. Educ., 80 [9] (2003) 1062–1073.